RED UNDER

mmw&g%ﬁ m..m;, _ZA

f?";awn;nx 'ﬁﬁ:ﬁsa&ag&{ & f;ﬁ*@%;i«i OPMENT CENTER =




F

PWA FR-986
18 JUNE 1964

RESEARCH AND DEVELOPMENT OF MATERIALS
FOR USE AS LUBRICANTS
IN A LIQUID HYDROGEN ENVIRONMENT

SUMMARY REPORT

W. C. Keathley
Program Manager

/ 7 /) ’
Written By: /O’ é/f)z"'w;cz Approved By: éi///\/ éw’&

C. R. Comolli
Supervisor

Sr. Experimental Engineer

PREPARED UNDER
CONTRACT NAS8-11537
CONTROL NO. 1-3-84-80353 SI(IF)
FOR
PROPULSION AND VEHICLE ENGINEERING LABORATORY
ENGINEERING MATERIALS DIVISION
GEORGE C. MARSHALL SPACE FLIGHT CENTER

HUNTSVILLE, ALABAMA

Pratt & Wh itney n i rc raft DIVISION OF umrso%mn CORPORATION

FLORIDA RESEARCH & DEVELOPMENT CENTER



Pratt & Whitney Rircraft
PWA FR-986

FOREWORD

This report was prepared by Pratt & Whitney Aircraft Division of
United Aircraft Corporation under Contract NAS8-11537 for the George C.
Marshall Space Flight Center of National Aeronautics and Space Adminis-
tration. The work was administered under the technical direction of the
Propulsion and Vehicle Engineering Laboratory, Engineering Materials
Division of the George C. Marshall Space Flight Center with Mr. K. E.

Demorest acting as Contracting Officers Representative.
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ABSTRACT }/] ) \

A program was conducted to evaluate materials which could be used as
lubricants in anti-friction bearings operating in a liquid hydrogen en-
vironment at DN values from 2 x 106 to 4 x 106 mm-rpm. Even though no
tests were conducted in a nuclear radiation field, consideration was
given to such an environment in the selection of some of the candidate
materials. The program described herein resulted in the discovery of a
material which provides a significant increase in the possible bearing

life when operating under the above conditionms.
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INTRODUCTION
The technical mission of this program is two-fold: (1) Develop, test
and evaluate lubricating methods for bearings operating in liquid hydrogen
at equivaleut DN values from 2 x 106 to 4 x 106 mm-rpm (DN value is the
product of bearing bore in millimeters and shaft speed in revolutions per
minute) and (2) develop data of design significance which illustrate the
relationship of bearing performance (such as rotational speed and load) for
specific lubricating methods employed on bearings operating in liquid hy-

drogen at equivalent DN values from 2 x 106 to 4 x 106 mm-rpm,

These goals were pursued in four separate but inter-related work tasks.

They were:

1. Development of Test Apparatus

This work task included the modification and testing of an existing test
apparatus for the simulation of conditions compatible with ball bearing en-
vironments that exist in liquid hydrogen rocket engine turbomachinery. The
test apparatus was required to evaluate lubricants at equivalent DN values
of 2 x 106 to 4 x 106 mm-rpm while the test specimens were completely sub-
merged in liquid hydrogen and subjected to Hertzian stresses encountered in

actual turbopump bearings.

2. Selection and Tests of Standard Lubricant Materials

The purpose of this task was to select a lubricant which is presently
employed in a liquid hydrogen application and conduct baseline tests with
this lubricant, the results of which can be used for comparison to the results

of subsequent candidate wmaterials tests.

3. Selection of Candidate Lubricants
Concurrently with the modification of the test apparatus, a literature

search was conducted to gather information on lubricants and lubricating
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systems which would most likely be successful when subjected to the specified
test conditions. Consideration was also given throughout the study to materials

having resistance to nuclear radiation.

4. Experimental Evaluation of Candidate Lubricant

This task included tests of the selected candidate materials. Each speci-
men was subjected to two tests at an equivalent DN value of 2 x 106 mm-rpm and
to the same enviromment and loads used in the standard material in the low
DN tests, If the material's performance was comparable to the standard material

at the low DN tests, the candidate would then be tested at a higher DN value.

The results of this program have shown that ball bearings using AISI 440C
balls and plates and Salox M (bronze-filled polytetra fluorethylene) retainers
could be expected to operate satisfactorily for more than 10 hours in liquid
hydrogen at DN values up to 4 x 106 mm-rpm. It is interesting to note that
recent experience gained with an RL10 engine bearing strengthens this con-
clusion where a 35-millimeter ball bearing, using Salox M retainers, has been

tested under the following conditions.

Speed Load Time
30,000 600 1b thrust 12 hours
12,000 150 1b thrust 75 hours

500 1b radial
Total Time 87 hours

Inspection of the bearing after the above test schedulevshowed the bearing
to be in excellent condition and the bearing has been reinstalled in the
test apparatus for further endurance running. It should be pointed out that
the Hertzian stresses in the above test conditions are approximately 180,000 psi
and the spin/roll ratios are approximately .15, which are not as strict as the
test conditionS‘imposed on the candidate materials used in the experimental phases

of this program.
I-2
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SECTION II 1
TEST APPARATUS

Almost everyone subscribes to the fact that a true evaluation of a
bearing lubricant cannot be achieved by testing actual bearings. There
are many interactions associated with an operating bearing which can
affect the life of the bearing but which have nothing whatsoever to do
with the lubrication process. A simple example involves the structural
problems with a rotating retainer. Of course, lubricants developed and
evaluated in simulating devices should, in the final stage, be tested in
actual ball bearings; but the test apparatus used to initially select the
most effective lubricants should eliminate as many extraneous effects as

possible,

An existing test apparatus, which has been used in similar programs
at Pratt & Whitney Aircraft over the past several years, was modified to
permit cryogenic testing and utilized in this test program. It was
specifically designed to simulate various levels of Hertzian stress (contact
stress), slip in the contact zonme, and ball rotational velocity in a re-
tainer pocket. 1In simulating the above parameters, this test apparatus is
designed consistent with a theory of failure that in general terms states
the principal causes of surface fatigue to be (1) level of Hertzian stress
in the contact zone and (2) slip in the contact zone. The slip in the
contact zone causes surface damage which reduces the fatigue strength of
the material and therefore reduces the life of the surface for a given
level of contact stress., The purpose of the lubricant is therefore to re-
duce the amount of surface damage caused by the slip in the contact zone.
The optimum lubricant would, of course, eliminate the damage completely

and the surface would fail at a life equal to its pure rolling contact
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endurance life. This theory of failure is described more fully in a

later section of this report.

" The existing ball-plate test apparatus, as shown in figure II-1 and
II-2, was developed several years ago to determine specific bearing oper-
ating limitations related to lubricants and bearing steels. In general,
this unit eliminates the use of test bearings in the initial screening
phase where the important factor is to evaluate lubricants and other bear-
ing materials without the confounding effect of extraneous bearing para-
meters. In addition to providing a more accurate evaluation of a lubricant,
it also eliminates the cost of special test bearings and appreciably re-
duces the parts procurement time. This test apparatus can be considered
as a fundamental evaluation tool making possible a test technique akin
to tensile testing of metals, whereby material properties are evaluated

prior to fabrication of an operational part.

A sketch of the existing ball-plate test apparatus is shown in figure
II-3. The two test plates and balls are located in a separate housing in

the center of the assembly.

On either side of the center housing, the shafts that carry the test
plates are supported by oil-lubricated rolling element bearings. The
test plates are counter-rotating and are each driven by an electric motor.
The bearing load is applied by placing dead weights on the end of the
lever arm, which is attached to the left shaft support assembly. This
assembly is free to slide axially; thereby transmitting thrust directly to
the rotating plate., An expanded view of the test plates, balls and retainers

is also shown in figure II-3.

II-2
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Since the plates rotate in the opposite direction at approximately
the same speed, the retainer rotates very slowly and serves only to pre-
vent the balls from changing their angular orientation. This arrangement
also means that relatively low speed drives can be used to obtain tests

at high equivalent DN values.

Fatigue failures are indicated by an accelerometer, which is located
on the loading lever and indicates acceleration in the axial direction.
This technique has proved highly successful and small changes in the sur-
face of a ball or race are easily detected. The millivolt output of the
accelerometer is fed into an automatic abort system and shuts off the drive

power when the output reaches a predetermined value,

Referring to figure II-3, the ball rotation about its own axis is a
function of the groove diameter and the speeds of the shafts. To obtain
different ball speeds at constant shaft speeds, one has only to place the

ball in any one of the two concentric grooves in the plate.

The Hertzian stress level can be adjusted by changing the included
angle of the groove and/or the applied axial loads. For a constant applied
dead weight on the lever arm, the Hertzian stress to which the ball and
grooved plate are subjected is a function of the ball diameter and the

groove angle.

Ball spin will occur about an axis drawn from the grooved plate contact
points and the ball center and is controlled by varying the plate groove

angle,

The test plates, retainer, and balls can be changed and inspected by
separating the center housing of the bearing test cavity. This is an econ-

omical feature because the assembly time and test set-up time can be
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minimized, The test apparatus can remain on the test stand throughout
the experimental program, thus reducing the man hours associated with

mounting, instrumentation hookup, etc.

As stated before, the contract requires that the standard and candidate
lubricants be tested at conditions that would exist in a rocket engine
ball bearing operating in liquid hydrogen at DN values of 2 x 106 and
4 x 106 mm-rpm, Since fatigue damage to ball bearings occurs as a result
of the Hertzian stress level and the amount of spin in the ball-race con-
tact area, an analysis was conducted to determine the Hertzian stress and
spin that exist in typical rocket engine ball bearings operating at the

specified DN levels,

Before proceeding to the methods used in this analysis it is appro~
priate to review basic ball bearing dynamics and various terms which will

be used throughout this discussion,

Figure II-4 shows a free-body diagram of a ball operating under a
thrust load of T/n (n is the number of balls in the pitch circle and T is

the total bearing thrust load) at some rotational speed.

Figure II-5 shows the same ball operating under the same thrust load
but at zero speed. Note that the outer race contact angle, Bo, of the
rotating ball is smaller than the static contact angle, and that the inner

race contact angle, Bi, becomes greater with rotation.

The ball has two axes of rotation, (1) about the bearing centerline
and (2) about the ball roll axis, A-A., There is a third possible axis
(B-B) of rotation as shown in figure II-4; however, absolute ball rotation
about this axis is not evident from a review of high-speed motion pictures
of ball bearing tests. This fact indicates that there is relative slip be-
tween the ball and inner race contact zone. This phenomenon can be seen

using the vector triangle in figure II1-6.

II-4
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If A-A is the axis of rotation for the ball, vector &B represents the
absolute ball rotational velocity of the ball, and vector Ek.represents
the relative rolling velocity of the ball relative to the inner race. To

close the triangle a vector'ﬂ')S must exist, and is customarily called the

relative spin (slip) vector.

Also shown in figure II-6 is an enlarged view of the innmer race contact
zone, It can be seen that the upper edge of the contact zone is traveling

slower than the lower edge (r1 .wB <r, ‘wB); thus, there will be a tendency

toward ball spin in the contact zone.

Excluding the possibility of a retainer failure, a ball bearing will
fail when a spot on the surface of one of its elements (ball, inner race,
or outer race) ruptures from fatigue due to a vibratory stress. (The steady
or constant stresses on these elements are insignificant.) The number of
cycles which a material can withstand at various vibratory stress levels is
usually depicted by a S-N (vibration stress level - life in cycles) curve
similar to the solid line shown in figure II-7. If the material is subjected
to a vibratory stress level, oy then it will last 107 stress cycles and more,
This value of 107 cycles is referred to as the runout life, meaning that if
a stressed material lasts 107 cycles, it will not fail, no matter how many
additional cycles are imposed. This is certainly not rigidly true but is
sufficiently accurate for this discussion. If the material is stressed to
Oys the material will fail at 10" cycles where n<7. This curve is generally
used in showing the fatigue strength of beams and other structural members
when subjected to vibratory bending (temsile, and compressive) loads, How-
ever, the same effect is true with respect to a surface under contact com-
pression; the only difference being that the surface does not experience

complete stress reversals. The cycle goes from zero stress to maximum com-

pressive stress and back to zero stress.
1I-5
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The dotted line on figure II-7 shows the effect of surface notching
on fatigue life. The notching effect in ball bearings results from surface
fretting where spinning or slipping occurs in the contact zones. Under
such conditions of contact zone slip, the material surface is damaged and
the fatigue life of the material is reduced for any given stress level,
So as surface slip occurs, and surface damage accumulates, the S-N curve
shifts downward with increasing number of cycles. After the surface damage
has evolved, the life for instance, would be 10" at a stress level of <
instead of the runout life that would be available with no slip (no surface
damage). In actual application figure II-8 shows experimental data for the
effect of life of an oil-lubricated ball subjected to a constant Hertzian
stress and various ratios of spin velocity to roll velocity. For a cryogenic
bearing application, the curve would move appreciably to the left because of
the higher coefficient of friction and correspondingly greater surface dam-
age at any given level of slip. This curve confirms the important effect
of contact zone slip on life and generally speaking, substantiates the
conclusion that the prime factors governing the life of a bearing are the

slip in the contact zone and the Hertzian stress.

It is now clear that for a true evaluation of a lubricant, Hertzian
stress in the contact zone, spin/roll velocity ratios, and ball rotational
velocity must be defined and simulated in the test apparatus. To determine -
the required level of these parameters, Pratt & Whitney Aircraft utilized
an existing mathematical model which predicts the ball bearing internal
dynamics for any combination of speed and thrust load. A set of three
curves were produced for each of three bearing designs., The size of these
bearings (bore diameters of 40, 60, and 80 millimeters) were chosen for
compatibility with requirements indicated in many preliminary studies of

advanced liquid rocket hydrogen/oxygen engines. These studies have been

conducted by Pratt & Whitney Aircraft over the past three years. The internal

I1-6
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geometries which were selected for each bearing size are based on many

years of theoretical and experimental studies which Pratt & Whitney has

conducted with cryogenically-cooled ball bearings.

The three sets of curves shown in figures II-9 through II-17 were
produced for each bearing design and represented the following relationships:

a. The effect of thrust per ball on the inner and outer race Hertzian

stresses for DN values of 2 x 106, 3 x 106, and 4 x 106 mm=-rpm.

b. The effect of thrust per ball on the ratio of spin velocity to roll

velocity for DN values of 2 x 106, 3 x 106, and 4 x 106 mm-rpm.

c. The effect of thrust per ball on the ratio of spin velocity to inner

race velocity for DN values of 2 x 106, 3 x 106, and 4 x 106 mm-rpm,

Using these relationships, one can enter a stress curve for a given bear-
ing at a specific Hertzian stress level and read the thrust per ball that
would exist for the appropriate speed. In this program an inner race Hert-
zian stress of 250,000 psi was chosen since this level is considered near

the maximum value permissible for reliable bearing design.

With the thrust per ball determined from the stress curve the spin/roll
and spin/inner race velocity curves can be entered at the appropriate thrust

per ball and the required velocity ratios can be determined.

The results of this method of analysis can be summarized on plots shown
in figures II-18 and II-19 where the spin/roll velocity ratio and spin/inner
race velocity ratio is shown as a function of bearing DN value for a con-
stant inner race Hertzian stress level of 250,000 psi. Since the program

. s . 6 6
specifies tests at equivalent DN values of 2 x 10" and 4 x 10 mm-rpm, the
required velocity ratios are thereby established for these DN values assuming
an inner race Hertzian stress of 250,000 psi. These test conditions are in-

dicated on the summary curves, and given in table II-1.
I1-7
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Table II-1. Program Test Conditions
DN values 2 x 106 mm-rpm 4 x 106 mm-rpm
Hertzian stress 250,000 psi 250,000 psi
Spin/roll velocity ratio .168 .295
Spin/inner race velocity ratio .72 1.25

Since the above specific Hertzian stress level, amount of spin in the
ball-race contact zone that occurs in actual ball bearings and ball rotational
velocity must be simulated in the ball-plate test apparatus to be used in
this program, a second study was conducted to determine the required rig speed,
ball diameter, included angle of the grooved ball track, and the radius of

the grooved ball track. A summary of the results is presented in table II-2.

Table II-2, Test Apparatus Parameters

Rpm 10,000 10,000
DN, mm~rpm 2 x 106 4 x 10°
Rrig’ in, 2.03 4.0

«, degrees 9.54 16.5
cos « 0.986 0.958
wp, TPm 109,000 221,000
d, in, 0.378 0.378
Total Thrust, 1b 214.5 208.5
Plate Groove Angle (8), degrees 161 147

The following calculations were used to obtain this information:

For constant applied thrust load on the rig, the Hertz stress to which
the ball and grooved plate are subjected is a function of the ball diameter
and the groove angle. See figure II-20 for appropriate angular and vectoral
relationships. The final configuration of the ball-plate apparatus is cal-

culated from the following equations:

II-8
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Wg
— = tan « Ratio of ball slip to ball roll
“r equals the tangent of the contact
angle ()

wB r cos

wrig = _”-E{__——-g_ Rig speed, grooved plate see figure
rig II-20C¢A)
wr

Wp = o= Ball Speed

N See figure II-20(B).
Om = ; Mean Hertzian contact

ma stress
a = 0,881 < —%?— ) Contact circle radius
P = ZNL cos Thrust load

See figure II-20(C).

Ball-Race Configuration for DN = 4 x 10 mm rpm

o = tan"! x 0.295 = 16.5° cos @ = 0.958
Ball Speed
_ s _ s - 1.25 O
Yp = Cos a T 0,295 cos « 0.295 cos «

1.25 x 50,000 _
0.295 x 0.958

221,000 rpm

Ball Diameter (R_, = 4 inches)
rig

w ., = w, r cos ofR_,
rig B rig

w R_.

_ rig rig 10,000 x &4 = 0.189 i

ro= wy cos & 221,000 x 0.958 +189 inch
d = 0.378 inch: Use std 3/8 in. dia ball

II-9
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3. Ball-Race Configuration for DN = 2 x 106 mm rpm
@ =tan"lx 0.168 = 9.54° cos & = 0.986

Ball Speed

u)r ws 0.72 Q
w, = =

B cos @  0.168 cos o 0.168 cos «

0.72 x 25,000
0.168 x 0.983

109,000 rpm

Radius to Ball Race

w
R . = B r cos « - 109,000 x 0.189 x 0.986 = 2.03 inch
rig wrig 10,000
Thrust Load on Rig
N[, NLd 1/3
o) = 2 a = 0.881 (—'—“)
W 1/3 _on m (0.881)%82/3 42/3 350,000 7(0.776) (0.378) %3
L = =
E2/3 302/3 x (106) 2/3
= 3.31
N = (3.31)3 =36.3 1b
PDNZ =2N; cos o = 72.6 x 0.986 = 71.5 1b
Total Thrust (3 balls) = 214.5 1b
PDN4 = ZNLcos o = 72.6 x 0,958 = 69.5 1b
Total Thrust (3 balls) = 208.5 1b
II-10
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SYMBOLS
SYMBOL UNITS DESCRIPTION

a Inches Radius of contact circle

d Inches Ball diameter

r Inches Radius of ball

D Millimeters Bearing base diameter

DN mm X Tpm Bearing bore diameter in millimeters
times shaft speed in rpm

E psi Modulus of Elasticity

N Rev/Min RPM

NL Pounds Normal load at ball contact

P Pounds Thrust load per ball

PDNZ Pounds Thrust load per ball for simulated
2 x 106 DN operation

PDN4 Pounds Thrust load per ball for simulated
4 x 106 DN operation

R_. Inches Radius from rig centerline to groove

rig .

in ball race way

o Degrees Angle measured from bottom of V groove
to point of ball contact

Om psi Mean Hertzian contact stress

wp Rev/Min Ball rotational velocity

W Rev/Min Spin component of ball rotational
velocity

wrig Rev/Min Rig rotational velocity

Wy Rev/Min Roll component of ball rotational
velocity

Q Rev/Min Race rotational velocity

IT-11



Pratt & Whitney Rircraft
PWA FR-986

Before the existing test apparatus, which was discussed above, could
be used in this program certain modifications were necessary to permit

testing with a cryogenic fluid. These modifications included:

1. Increasing the test plate diameter in the test compartment.

2. 1Increasing the diameter of the intermediate housing that surrounds
the larger test plates,

3. Installing twin seals at both ends of the test compartment to pre=-
vent any mixing of the hydrogen in the test compartment and the

oil in the adjacent bearing compartments.

A sketch of the modified test apparatus is shown in figure II-21, Photo-

graphs of various views of the actual rig are shown in figures II-22, and II-23.

II-12
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Figure II-2, Internal View of Existing Apparatus Showing
Retainer and Balls

II-14

FD 5637




Vi®9s ad snyexeddy 3sa9] 93e1d-1T1ed SurlsIxy JOo yo319MS ‘¢-II =anS1g

PWA FR-986

Pratt & Whitney Rircraft

II-15

HQJ IYSBM pea(d
1

O o {{ 9

=i k@

= 1939WO0II[900Y
A\ \ Q
\ are[d 159, > @

PaA00IN)

.

aje[d 1S9,
yjoowrg

(8) 1red 31soL




GOwL ad peo 3sniyy zopup Surjeasdg TTed ® Jo wealSerq Apog-99ii ‘#-II 2an814d

auljiajua) Bunpbag

II-16

Pratt & Whitney Rircraft

PWA FR-986




paads oasz 3®
v90%/. ad peoT 3snayj aapup Surjeasdp Jieg ® Jo weaSe1q Apog-99id °G-II ainf1g

PWA FR-986

oul[IajuUa)) surresq

Pratt & Whitney RAircraft

QU
I1-17

wdi( = N tog =g




. -

Vi70hL a4 §10309) £3100fap ITed Surlmoyg MITA UOT3IO8S °9-IT 2an81d

auI[lojua)) surreayq

SMOIILYy J03JO9A

auo07 3083jUO0)) JO
MIIA poadae[uy

II-18

Pratt & Whitney Rircraft

PWA FR-986




PWA FR-986

Pratt & Whitney Rircraft

veeel ad

saAIN) 912Ln-ssailg [eo1dAT

SHTOAD NI HAIT

o
-,

L01

wOT w01

TIHAHT SSHULS NOLLVY4LIA

*/-1I1 2an314

II-19



. .

Pratt & Whitney Rircraft

PWA FR-986

8

SEL ad o13ey T10y/utds o1 2371 T1eg Jo diysuorieey ‘g-II 2In31d

'/ o'OILVY 110¥ Ol NIdS
00LO08 09 OV 0¢

018090 ¢¥O

(ALY

¢o

'O

N

N

N

90

N\

80

[aAa] 8j17 %0l /

o'l

L

UDJSUOT) = SSALIG UDIZJIOH

0¢

(08 4

09

0’8

ool

9-0L %X s92A> - 34|71 11V 4

I1-20




0€/9 a4 11e9 194 3IsnaYJl SA S$s213S§ z3JA8H ‘6-I1 2an8T1J

PWA FR-986

91 - 11vd 419d JSNYHL

Pratt & Whitney Aircraft

00¢ ootv 00¢ 00¢ ool 0
; 0
‘ul g1'g = Buunag jo oiIg YdHd
ngleo =oig lieg
Ll - s||g jo "oN
wugy = piq siog Buuoag
o1q 11og o %86 = —1 001
21nJDAINY 3IDY J3uU| 4O sSNIpDY .~ L
o1Q IPg Jo %TS = H
31NIDAINY 35DY 13INQ JO SNIpDY -
950y JOINQ UO 550.J|S mummmen lﬁ N l
95DY J3UU| UO SSBYS ammm 5
o sress —— 00z 4 .
8 [}
\\\\\\\\\\\\\\\\\\ m
24 wn
|\\\\\\\\\\\\\\\\\ 3“%@ wn
Yo \\\\\\\\ !
= nﬂ\\\ 00€
@
iy
X
\ M 3
>~Hmuw :
- w
-2t
Z s 000/001 = T 00¥
000'00l = N PPr <
R o3,
\\\\\\\\\\
\\n-\\\\\\\\\\\
-
||||||||
m 006¢

N N s A BN B AN AN BN U B BN Em A BN EE SN Em s



T N I G = A B U B S BE E AN E B BN BN = .

1€49 a4 I1eg I8d Isniyl sa £31o0TeA TT10Y pue K3roorep uids jo oriey ‘0T-I1 2an31d

91 - 11vd Jed ISNAHL

00¢ 010} 4 00¢€ 00¢ (0]0] | 0
14 N0)
- /J/
/ﬁg/ T -
————N 220

I1-22

/ooo
wdi 000001 = N+ / 9¢0

‘ul g'g = Buioag jo piq Ydild /
I u1 TIE'0 = oiq 1ieg 0€£°0

ALIDOT13IA 110¥/ALIDOTIA NIdS

m L\ - s|iog 40 "°N ,

nrw wwQp = oiqdiog Buunag

= oIg|Ieg 0 %8S =

a 21NJDAINTY IIDY J3UU| JO SNIPDY .
% — 010 (|08 Jo %ZS = vYeo
C 21NIDAINTY 3IDY 19JnQ JO SNIPDY

=

3

od .
£ 8€0
®

} ..

a

PWA FR-986




Z€19 @i  TI1ed 224 3Isnayg sA LA3TO0T3A 29y asuul pue K31o079ap uldg Jo or3zey “°I1-II 2an3idg

PWA FR-986

91 = 11v9 48d 1SNYHL
00¢ (0]0) 4 00¢€ 00¢ 0]0]] 0

¥'o

Pratt & Whitney Rircraft

90
000'0§ = N

80
000'SZ = N N
—

T~ .
wd1 000’001 = z\ /

‘ul €1'T = Buupag 4o DIQ YId / ¢l

uTLETO = Lia |Iee
Ll - siig j° °N
wwQp = pbiqeiog buupag

I1-23

;

ALIDOT3IA 3DV ¥3INNI/ALIDOTIA NIdS

o1q |1og §° %8S = .v _.
8iniDAINY 23DY J3UU| jO sNIpDY
oig |IPg 40 %TS =
2INIDAIND 20y 12JNQO }JO SNIpDY
_ 9’1

N S O A AR B AE BN BN S AE By A A BN G BE N am



B B ER Ul G AE BN B SN A B BN BN B D B BN BN

€€L9 ad 11eg 294 3ISNIYL SA §S313§ z3I9H °¢I-II 2an3TJ

q1 - 11V 42d 1SNYHL

008 00/ 009 00¢ oov 00¢€ 00¢ (0]0] | 0
_ _ 0
‘ul o'g = Bulioag jo oiq Y3ild
‘u1/0%°0 = °!4 |iod
6l - s||°g9 §°© °N
wwQ9 = b1 209 Buupag
DIQ 11°@ §o %8S = . ool

AINIDAIND IDY JduUU| jO sNIpoy

pIQ P9 §° %TS =
2INJDAINY 3IDY I1NQ JO SNIPDY

95DY J9INQ UO $SOU|G mmmmmmmm—m
2IDY J8UU| UOC SSANG mmmwmm

I1-24

XL
m
~
]
N
Y an wn
A 00z 4
\\\\\\\\\\\‘ % 2
\\.“““s p-.u
% 3
X [
\ ! 2% Z,
geEeEE =N \“Nw“\ %
v%2s
m \ / -, “\“m““\ m
- P A1 A
p - -
.m —£ wdi £199'99 = N \r — ummmmu“n 010} 4
AT
P -t -
L= \\\\\
L o \\\\l
=8 =T
& L 00S
=2
g
¥




£ o
O
O
.nWH e wEL9 ad T1ed I13g 3Isnayl sa A3Td0T3A\ 10Y pue £31o07ap urdg Jo or3ey *€1-IT1 2an8t13g
<
>E
g 91 - 11v4d 4od 1SNYHL
m 000l 008 009 10]0) 4 00¢ 0
e 0]
p o]
©
o
a ‘
%
10 =S
Z
£ee'ee = N - ~
_ -
_ O
— 0000§ = N =~ 20 o °
_ = D
_ H
wd £99'99 = N Z
~
‘u1 §0°¢ = Buupag jo BIQ Yaid . .nlv
‘U1 £0p°0 = ©1Q ||°8 /. €0 ~
6L - s11°g jo "oN <
w9 = oiq diog buupag H
DIg 1|°g §o %8S = O
3INJDAIND BIDY JduU| *O mD_vam D
— 010 1I°8 4 %S = yo =
IMDAIND Bd0Y i3INQ JO SNIPDY -
G0

. a e e Nl Iy N N N S En e



» <

cel9 ad 11eg 194 3snayl sa K310013p eoey Iduul pue uldg Jo orgey ‘H1-II =2an31J

91 - 11vg 412d ISNYHL
008 009 00V 002 0

Vo

EE€L'eE = N

000'0S = N

II-26

‘u1 §0'E = Buubag jo BIQ Ydiid wds £99'99 = N

"1 £0¥y'0= oIQ |og
61 - s|eg o °N
wwQ9 = piq 310g Buupneg N._.

pIQ |Ieg Jo %8S =
2INIDAIND 2IDY J3UU| JO SNIPDY

PiQ |1°g 40 %TS =

3INJDAIND @dDY 8INO JO SNIpDY

ALIDOTIA IOV ¥INNI/ALIDOTIA NIdS

91

Pratt & Whitney Rircraft

PWA FR-986




LE€L9 ad I1ed 2194 3ISNIYJ SA SS9I3S 23Id] °GI-II @andtd

q - 11ve +od ISNYHL

0071 oJolo]| 008 009 00V 00¢ 0] )
| _ _
‘ul G0’y = Buupag jo oig Yduid

Ul 1gs’0 = oiq |IPg
0T - s|ieg §° '°N
wwQg = oiq aiog Buupag

pIg |8 J° %8S =
3INJOAIND 3IDY I3uU] jO SNIPDY Y]

PWA FR-986

Pratt & Whitney Rircraft

ool

-
m
oIQ 1I°8 10 %ZS = J 20
21n)DAIND 3IDY 19INQ jO SNIPDY -
95DY 194N UO SSONS e & N
85DY J2UU| UO $53)IC mmmm W n_u
_ o0z ¥ 9
\¥ - -
m
\ “ w
\ *“ W
P4
\“\ \\“&\\\ IM
— ——2000'sT = N> 23" 00¢ ¢
s
L M\\\\.\.\“\\\\ X
Py LA [
00S'LE = N—7 a2 S
[ - 1
wdi 000'0§ = N \.%.N\r.r =
[ q \\‘\\\“J!!r oo.q
\\\\\..\\H\“\\\\\\\
- “““
|\\\\||\|
|||‘||\|\|—\|
-

N B | e L L - m . [



. .

Pratt & Whitney RAircraft

PWA FR-986

8¢€L9 a4

11eg 194 2snay] sa A3ITO0T9A T10¥ pue £312079A\ utdg Fo o1jey

9] - 11vg43d 1SNAHL

*91-I1 @an3iJg

0001 008 009 0]0] 4 00¢ o
¢l'o
/\/ .
- 000'sz = N~ 910
//
\ .
- 00528 = N7 TN 0c0
\ / y2°0
wd1 000'0§ = N
‘ul g0’y = Buupag jo BIQ Youd .
[ ul 1g§'0 = PIQ 1I°8 8¢0
0z - s|Iog jo ON
wwpg = oiq d10gq buupag
21NIDAINYD wn“_oﬂw_ _h_wm:*_o&n.vk.mw:m_vuoz / Nm.o
o1g 1109 J° %S = /
0..:~U>~DU QUUM ._O:._o »O mD_vUM
9¢°0

ALIDOTIA 1T10¥/ALIDOTIA NIdS

II-28




E o

o

O

WM. 6€£/9 a4 T1ed 194 3snayJ sA £3TO0T9A 90rY JIauul pue £31%079A utdg Jo orjey */T1-1IT ?an313
mm q1 - 11vg +2d ISNYHL

w 0001 008 009 (010} 4 00¢ 0

o3 'O
E

@

(a

1./ 9'0

80

AN o1

I1-29

wdi 000'0§ = N —/
‘ul GO’y = Buupag jo oIQ Yiid

i 1£§°0 =PI I°g Uzl
0T - sli°g j° °N
wwpg = piq 2409 Bulibeg

pIg |IPY §© %8S =
2inypAINY 3IDY JBuU| Jo sNIPOY \ .v._.

oIQ |1Pg §° %S =
2INIDAIND 2IDY 13JNQ §O SNIpPDY

ALIDOTIA 3DVY ¥INNI/ALIDOTIA NIdS

91



VOvL9 ad £319079A 110Y 03 £310079) uldg JO 013wy UO NQ O 39933¥ °§I-II °and1d

¢-0T X wdx xwwt - N ONIYVHL

vy 0y 9'¢ ¢€ 8C 144 0°¢ 91
GO0
N
g
()
. Z
G1°0 <
31y 1 "oN uonIpuo) 3saJ, 31y _ - =
S 2
ur gy = q \ m 3
arog wuw (8 — —
e
G0 ~
\ut gog = | ey
alog ww (9 nnw
- D L N S e - - S . Il-llll'lrlllllllll L L 1 X 3 N 0 B B N _§ 3§ |} § |}
/ g "ON uomnIpuo) 159, 31y ] >
werg =4 eI [1ed JO %8¢ <
= az0g WU O = 9InjeAaIn)) 90wy Jeuuj jo snipey ﬁ
@
O eig ed Jo %2 - G€0 O
= = alnjeain)) aoey IINQ Jo snipey n.lu.
a
_ sSurreag sowag JYSIy —
o erewEid wid = d piepue)g I0j aIe sidjouwel(] [[Bd s
m 1sd 000‘0Gg = SSaI}S ZMAY
2 wm suonpdwnssy
1 | 1 .
MR Svo
0 <
&




Vi%i9 ad

PWA FR-986

(1 4 9¢ € 8'C

9.0T x wdi x wwt - N HONIYVHL
¥ 0

£3710073\ 90BY Iouuyl 03 K3T2079A uldg JO OT3IRY UO NQ JO 39934

4 9

I G'1

| | |

sdulreaq sauteg JYSIT
plepuels 10j ate ei(] [[ed

Pratt & Whitney Rircraft

1sd 000°0Sg = ssang Z3IdH
BId [1®d JO %8¢ =

aInjeAln)) adey Iauuj jo snipey

Bl (18 JO %2S =
aInjeAIny) adey IaIn() Jo snipey]

suondwnssy

I "ON uonIpuo)) 3333, 31y

||!....i||._i||||||||‘..i..|.i...i..|.i..!.u|.

\

_
UGy = 9 \
alog ww (8 \

‘ut

=

160e=H
” ___—— ol0g WW (9

\\

/Mm ¢Ie=4H
arog wu (O

Isjpwer yd =
I

¢ ON

uoyIpuo)) 19y, 81y

*61-11 2an31J

¥0

80

G'1

91

ALIDOTHA HOVYH HUNNI/ ALIDOTHA NIdS

II-31



Vv6z/9 a4 snjeaeddy 3sa] 93e[d-11ed 103 sdIiysuoIleIay [eTI0IO3\ pue aen8uy *Qz-I1 °an3T1d

(d) D)

R
II-32

(V)

_ A MH\V
3je[d pPoA0OIN) L’

@,

@_-

Pratt & Whitney Rircraft
N

PWA FR-986




8¢9 a4 snjeaeddy 3ssy 93e1d-11ed ‘1C-IT =an814d

PWA FR-986

Pratt & Whitney Rircraft

I1-33

- s e



, — SN G ASE O B BN A BN B B BN am BN e EE e

85STY Hd snyeaeddy 3sey °3e1d-11Bd JO MATA [TBIdAQ "7Z-II 9In31J

II-34

Pratt & Whitney Rircraft

PWA FR-986



6GSTY H4 snjeaeddy 3sa1 @3e1d-11ed Jo dn-3soyp °¢z-II =2an314

PWA FR-986

Pratt & Whitney Rircraft

II-35




» L]

#

Pratt & Whitney Rircraft
PWA FR-986

SECTION III
SELECTION AND TESTS OF STANDARD MATERIALS

The purpose in the experimental evaluation of standard material
combinations was to establish a basic level of performance to
which subsequent tests of candidate materials could be compared.

The standard materials chosen for this portion of the experiment were:

1. AISTI 440C balls and plates with Rulon A retainer inserts. Rulon
A is a silicon-filled fluorocarbon composition.

2. AISTI 440C balls and plates with DU retainer inserts. (DU is the
trade name for a sintered matrix of bronze micropowder, the pores
of which are filled with a lead-fluorocarbon mixture. The com-
posite is backed with a thin steel strip.)

The first standard (Rulon A inserts) material has been used suc-
cessfully for several years in the RL10 liquid hydrogen/oxygen engine's
turbopumps and gearboxes. The second standard has been tested at DN
values in excess of 2 x 106 mm-rpm in an advanced high pressure hydro-
gen pump at the Florida Research and Development Center.

Each standard material was subjected four times to each of the two
test conditions established in Section II of this report and shown in
table IT-1. The results of these tests are presented in table III-1.

All four specimens using the Rulon A retainer inserts successfully
completed 10 hours at an equivalent DN value of 2 x 106 mm-rpm. In
all cases, macrographic inspection showed the balls and races to be in
excellent condition. The wear in the retainer insert pocket was low

and the vibration amplitude indicated by the accelerometer on the loading

III-1
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arm was approximately .3 mils. The loading arm magnifies the axial
oscillation of the plates by a factor of 6. As discussed earlier, the
tests were stopped after 10 hours ( a condition specified by the contract)
since a 10-hour life is compatible with most current and advanced liquid
rocket engine lives.

Three of the four specimens using DU retainer inserts successfully
completed 10 hours at an equivalent DN value of 2 x 106 mm-rpm. The
test of the fourth specimen was aborted after 1.6 hours. Failure was
attributed to a fractured DU insert. In all other cases, the wear in
the insert pockets was moderate. In general, the surfaces of the DU
races and balls appeared to be slightly rougher than found in the Rulon
A standard combinations. The surface roughness has been attributed
to bronze particles from the DU insert being pressed into the plate sur-
face. The balls and plates were bronze-colored after each test.

Figure ITI-1 shows that the Rulon A insert specimens exceeded the
performance of the DU insert specimens at an equivalent DN values
of 4 x 106 mm-rpm . The wear in the pockets of the Rulon A inserts
was low as compared to moderate wear of the DU inserts, but higher
than observed after the low DN tests. Figures III-2 through III-7
show low and high magnification photographs taken of typical surface
spalling, and retainer insert wear resulting from tests conducted in
this portion of the experimental program,

Based on the results of these tests the material combination of
Rulon A inserts and AIST 440C balls and races was chosen as the primary
standard, and the minimum level of performance which the candidate

material must meet has been determined as follows.

I1I-4
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Satisfactorily complete 10 hours of operation (2 tests) at an
equivalent DN value of 2 x 106 mm-rpm.

Satisfactorily complete a minimum of 5 hours at an equivalent

DN value of &4 x 106 mm-rpm.

Retainer insert wear must be no greater than experienced in the

standard tests.
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Figure III-2,

View of Wear Path in OQuter "V'" Showing
Most Severe Pitting Present on the Par
(Test No. 3, Rulon A at DN = 4 x 10° mm-rpm)

II1-7
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Figure III-4,

Pratt & Whitney Rircraft

View of Circumferential Section Through the
Inner Wear Path of the Quter "V'" Showing
Typical Spalls. Material is AISI 440C.
(Test No. 3, Rulon A at DN = 4 x 106 mm-1rpm)
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Figure III-5. Typical Surface Spalling (Rulon A after FL 3516 I
2.6 Hours at DN = 4 x 100 mm-rpm, mag = 30X)
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SECTION 1V
SELECTION OF CANDIDATE LUBRICANT MATERIALS

The general purpose of lubrication is to increase the life of
the bearing. Referring to the theory of failure discussed in
Section II, the specific purpose of the lubricating material is
to prevent surface damage and subsequent reduction in the fatigue
life of the bearing material.

In more typical bearing applications the lubricant is usually
in the form of a liquid hydrocarbon o0il that either completely
surrounds the bearing or is injected on the bearing with jets. In
a cryogenic -bearing the use of such liquid lubricants is im-
possible since the operating temperature is lower than the freezing
point of these oils. The use of solid lubricants is,therefore,
the only method available for lubrication of bearings operating in
liquid hydrogen.

On the other hand the liquid hydrogen has all the characteristics
of an excellent coolant. In its liquid condition, it is extremely
cold (-423°F), has a high specific heat, and has a low viscosity.

To summarize, ball bearings operating in liquid hydrogen are
(1) cooled by the hydrogen and (2) lubricated by some solid
lubricant.

Because of the low viscosity of hydrogen, the bearings can be
completely submerged without any concern about the viscous drag
forces on the moving parts. On the other hand, the problem of
supplying the lubricant is not so straightforward. Possible

methods include (1) dry-film lubricants bonded to the raceways,
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(2) metallized or flame-sprayed wear-resistant raceways, (3)
injected nonmetallic submicron size powders, or (4) retainer materials
that have inherent self-lubricating characteristics. In the first two
methods, the lubricant is part of the bearing wear surfaces and in
the third method it is carried by the coolant to the wear surfaces.
In the fourth method, a thin lubricating film is transferred by the
balls from the retainer to the raceways. This thin film then serves
as the load-carrying lubricant for the wear surface. It was initially
decided that all four of these methods of lubricating liquid hy-
drogen-cooled ball bearings would be investigated in this program.
A literature survey (see Bibliography) was conducted to determine
the most likely candidate in each of the four categories. This
study revealed the fact that possible 'packing'" problems associated
with powder injection devices would greatly hinder the success of
the lubrication mode. As a result no candidates that were repre-
sentative of this lubrication method were selected. This study
on the other hand, resulted in the following selections.
1. Lubricating Retainer Materials
a. AMS 5630 balls and plates with Salox M retainer inserts.
Salox M is fluorocarbon matrix filled with 40% (by weight)
bronze.
b. AMS 5630 balls and plates with Salox Z-1 retainer inserts,
Salox Z-1 is a fluorocarbon matrix filled with 15% (by weight)

molybdenum disulphide (MoSz).
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AMS 5630 balls and plates with retainer inserts made of a
polyimide filled with 15% (by weight) MoSz.
MS 5630 balls and plates with retainer inserts made of a
silver matrix filled with 20% (by volume) MoS,,.
AMS 5630 balls and plates with retainer inserts made of a

silver matrix filled with 20% (by volume) calcium fluoride
(CaFZ)'

AMS 5630 balls and plates with inserts made of an aluminum
matrix filled with the more effective of the two lubricant
fillers used in item (d) and (e), preceding.

AMS 5630 balls and plates with inserts made of boron nitride

(not pyrolytic).

Lubricants Bonded to Plates

a.

AMS 5630 balls, AMS 5630 plates plated with modified MLF-5
dry film lubricants, and retainer inserts made of Rulon A,
MLF-5 consists of graphite, gold, MoSz, and a sodium silicate
(Na20-2.9 Si 02) binder.

AMS 5630 balls, AMS 5630 plates plated with a fluorocarbon
compound, Fluoroglide. Fluoroglide is a fluorocarbon telomer

manufactured by Chemplast, Inc.

Plated Wear Resistant Raceways

systems.

AMS 5630 balls, AMS 5630 plates plated with tungsten carbide

(metallized).

Notice the category related to injected nonmetallic sub-micron

size powder was not included in the list of candidate lubricating

This method was eliminated when the literature search
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revealed that the beneficial characteristics of this lubrication
mode would be overshadowed by possible '"packing' problems associated
with injection devices.

The various candidate lubricants listed above were selected for
the following reasons.

The RL10 rocket engine performs reliably with ball bearings
operating in liquid hydrogen by using retainers made of Rulon A,

a silicon-filled fluorocarbon composite. In view of this success,
it was decided to explore other fluorocarbon composities, with
emphasis on improved filler materials. Salox M (a bronze-filled
fluorocarbon matrix) and Salox Z-1 (a MoSz-filled fluorocarbon
matrix) both were expected to provide increased resistance to de-
formation, low coefficient of friction, increased wear resistance,
and higher strength/weight ratios than Rulon A.

One company recently published information relating to a polyimide
called Vespel. This organic polymer theoretically offers much higher
strength/weight ratios than any of the filled fluorocarbon matrices
and can be filled with either graphite or MoSz. The MoS2 filler is
generally considered preferable for exposure to a vacuum environment
compared to graphite, which depends on water vapor to act as a lubricant.
The same trends are expected to remain true for a reducing atmosphere
such as hydrogen.

The success of the nonmetallic composite retainer materials has
prompted some investigations of metallic composites filled with
lubricating materials. Metallic composites provide higher strength/

weight ratios and in some cases eliminate the requirements for re-
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tainer shrouds to withstand high retainer rotating stresses. 1In
addition most metallic composites would not be damaged in nuclear
environments. Some success has been reported with metal com-
posites using a silver matrix with the sulfides, tellurides, and
selenides of molybdenum and tungsten. A small amount of tetra-
fluoroethylene (TFE) has in some cases been added in the structure.
In general, there appears to be no advantage to using molybdenum-
diselenide (MoSez), tungsten disulfide (WSZ)’ or tungsten-
ditelluride (WTez) instead of MoSZ. In addition, some success

has been reported with CaF2 as a lubricant. In view of the reported

previous experience, MoS, and Can were chosen as the filler materials

2
for the candidate metal matrices for use in this program. The final
choice in this category was the selection of the metal matrix itself,
Due to the high thermal conductivity and the amount of experience
compiled in manufacturing silver composites, this material was
selected instead of nickel or copper. However, silver does not
provide a strength/weight ratio that is sufficient to eliminate

the use of retainer structural shrouds for use in high DN bearings.
For this reason, aluminum with its high strength/weight ratio

was chosen as a second matrix material. A retainer made with an
aluminum matrix would not have to be shrouded in most applicationms.
It was decided that the filler for the aluminum composite would be
the most effective lubricant resulting from the tests of the MoSz-

filled silver composite and the CaF,-filled silver composite.

2

The dry film lubricant, MLF-5, has

various applications at NASA and Pratt & Whitney Aircraft (RL10O
gimbal lubricant). No information is available to indicate that

MLF-5 has been used in high speed ball bearings. However, success
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with the gimbal tests indicates it would be a worthwhile candidate for

the existing program.

Boron nitride was substituted for the injected fluorocarbon
powder method which was eliminated early in the program and which is
discussed above. The material is commonly known as white carbon and
is sometimes used as nose pieces in cryogenic rotating shaft seals.
It theoretically has an excellent coefficient of friction and
wear resistance.

In view of the theory that cryogenic bearings used in the RL10
are lubricated by Rulon A which is transferred from the retainer to
the raceway by the balls, it follows that the more direct approach
would be to plate the raceways with a fluorocarbon (the principal
component in Rulon A) in the manufacture of the race. The difficulty
in this method is in achieving an extremely thin fluorocarbon
coating. Excessive material will foul the path of the ball and
cause damage. A thin coat of Flouroglide, trade name for a fluoro-
carbon coating compound, was employed since this material required no
curing cycle. The coating thickness was approximately .00l in.

Even through flame-spray surfaces should not be considered as
lubricants as such, they do increase the wear resistance of the
surface and consequently provide some assistance to the retainer lubri-
cant in performing its job. Many types of flame-sprayed surfaces
are available. For thermal compatibility with the base metal and
alleged ease of manufacture, tungsten carbide was selected for this
program. As discussed later in this report, the manufacture of the
specimen was not successful and as a result these specimens were

not tested.

IV-6




A N BN BN B B Oy By BN A BN A By S BE aE A am e

Pratt & Whitney Rircraft
PWA FR-986

SECTION V
TESTS OF CANDIDATE MATERIALS
The tests of the candidate materials are summarized in table V-1
and began with two low speed evaluations (equivalent DN value of

6
2 x 10" mm-rpm) of the metal composite, Ag-MoS Test conditions

9
were identical to those used in the 2 x 106 DN tests of the standard
materials. The results of these tests were somewhat encouraging

in that the candidate successfully completed 10 hours in each case,
and therefore met the first requirement defined in Section III.
Inspection of the balls and plates showed them to be in excellent
condition. In fact, the ball tracks on the plates and the wear
tracks on the balls seemed to be in better condition than when the
test started. In both tests, the wear track was highly polished and
contained no evidence of fatigue. On the other hand, the retainer
insert was highly worn as shown in figure V-1. This level of

wear would be considered unacceptable in an actual ball bearing
retainer., The amount of wear with time or the wear rate is unknown,
In other words it is not known whether most of the wear occurred
early in the tests and leveled off as time accumulated or whether
the wear rate was constant throughout the test.

Ordinarily, the wear rate demonstrated by this specimen in the
low speed tests would have disqualified it for subsequent high speed
tests. But the excellent lubricating characteristics demonstrated
in the first two tests were considered so encouraging that a high

speed test was scheduled to (1) confirm these lubricating characteristics
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and (2) determine if the wear rate increased with the higher ball
rotational velocities. The results of the high speed test were
again encouraging. The specimen successfully completed a 10-hour
endurance run and post-test inspection showed the wear tracks on
the balls and plates to be highly polished. Again the retainer inserts
were badly worn but the amount of wear did not appear to be any worse
than in the two low speédd tests. It would therefore appear that
the wear rate was unaffected by the higher ball rotational velocity.
The next series of tests was conducting using retainer inserts
made of Ag-CaF2 and unplated AISI 440C balls and races. In general,
the performance of this specimen was very poor and since it failed to
meet the first requirement established by the standard materials tests,
no further tests were scheduled. Retainer insert wear for this

candidate is shown in figure V-2,

It should be pointed out here that the tests of the Ag-Can

tests are significant from the :tandpoint that they indicate that

it is principally the MoS, in the Ag-MoS, candidate which made that

2 2

candidate effective as a lubricant. Both the Ag-CaF and the Ag-MoS

2

candidates had the same amount of lubricant by volume and therefore

2

the same approximate amount of silver in the matrix. Since the

wear rate of the Ag-MoS, candidate was high and the excellent

2

lubricating characteristics can be attributed to the MoSz, it follows
that there is a good possibility that silver could be replaced with
other materials to permit higher resistance to wear. It would seem
important to press such an investigation since bearing applications
subjected to nuclear radiation atmospheres will probably require

some metallic retainer. Most plastics are not satisfactory in

such an environmment, particularly those where the radiation level

approaches 105 ergs per gram (c).
V-2
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The next series of tests was conducted with Salox M retainer inserts
and unplated AIST 440C balls and plates, the only candidate material com-
bination that exceeded the performance of the Rulon A standard. The first
test was conducted at an equivalent DN level 2 x 106 and post-~test
inspection showed the balls and plates to be in excellent condition and
having a slight bronze-colored hue. The retainer wear was extremely low
as shown in figure V-3 and certainly no higher than observed in the Rulon A
standard tests. In fact, the tests specimen were in such excellent con-
dition that an immediate test was scheduled at the higher equivalent
DN value of 4 x 106 mm~rpm. The candidate specimen successfully com-
pleted the 10-hour endurance run at high speed and the insert wear
was found to be actually lower than had been found 1in the low DN test.

A third high speed test was conducted to confirm the low wear and the
results were identically reproduced. See figure V-3 for retainer
wear resulting from this third test. The exact reason for the lower
wear in the high DN tests is not known.

This series of tests with the Salox M candidate proved that this
material is superior to Rulon A. Coincidentally,some recent tests
with RL10 bearings using Salox M retainers have resulted in lives in
excess of 60 hours at DN values of approximately 1 x 106 mm-rpm.

For a cryogenic bearing and current rocket engine, this represents a
significant increase in life over present standards.

Boron nitride, or white carbon, was used as the retainer inserts
in the next series of tests. As shown in table V-1, the results of
two low DN tests were poor and this candidate did not qualify for
higher equivalent DN tests. Both balls and plates were badly worn and

pitted and generally speaking in far worse condition than any specimens
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tested up to this time. Balls in both low speed tests were reduced
in diameter by .0025 in to .012 in. The wear rate on the other hand was
high but not excessive and is shown in figure V-4. It appeared that
the insert had the capability of protecting itself even from the adverse
ball surface but performed poorly as a lubricant for the ball-plate
contact area, It should be pointed out that after the material was
procured for testing, it was learned that it readily absorbs water
vapor from the environmental surroundings. In a hydrogen compartment,
this would present no problem, but the practical aspects of protecting
the material in the manufacture, assembly, and shipment of engines would
be severe. The decision was therefore made that no special protective
procedures would be employed in these candidate tests in order that the
simulation would be fair. Absorption of the water and subsequent
freezing of same is thought to be responsible for the breakage of these
specimens.

The next series of tests were conducted with SP-3 retainer inserts.
SP-3 is a relatively stiff polymer (polyimide) filled with 157% by

weight of MoS From a life standpoint this candidate material,

9
as shown by the results of table V-1, was comparable to the Rulon A
standard material, On the other hand, the wear rate with SP-3 inserts
was higher than experienced with the Rulon A inserts (see figure V-5).
Again, however, the material appeared to have some promise as a candi-
date and the high speed test was conducted in spite of the high wear.

In this test the specimen failed due to very high wear of retainer in-

sert in 4.7 hours.
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The results of the next series of tests with Salox Z-1 retainer
inserts and AISI 440C balls and plates were suprisingly poor. It
was thought that the combined lubricating characteristics of M082
and the wear resistance of the fluorocarbon retainer insert matrix
would provide almost ideal conditions. The balls and plates were in
good condition but the retainer wear, as shown in figure V-6, was
extremely high in the first low DN test. In the second low DN test,
the abort system failed to function properly but a recording of the load
arm accelerometer showed a drastic increase in vibration after 5.4 hours.
This is thought to be the point where the ball wore completely through
the insert and began to rub directly on the aluminum carrier. The
test ordinarily would have been aborted at this point. However con-
tinuous operation under this adverse condition caused extreme damage
to the balls and plates.

The results of the Al-MoS2 retainer inserts with unplated AISI
440C balls and plates were poor. The balls and plates were in fair
condition after 10 hours at the low DN test level but the retainer
insert wear was high. See figure V-7.

The final series of tests in this program task were conducted with
Rulon A retainer inserts, AISI 440C balls, and AISI 440C plates
plated with MLF-5 dry film lubricants.

The performance of this candidate was excelled at both low and
high equivalent DN values. In all cases the Rulon A insert wear was

low and comparable to the wear observed in the standard tests. From
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a life standpoint, this candidate exceeded the performance demonstrated
by the standard material combination. The wear tracks on the test
plates were in excellent condition and had a slight golden hue. This
coloring has been attributed to either the gold in the MLF-5 coating
or the Rulon A which was transferred from the retainer to the plate by
the ball,

Performance of this candidate is considered superior to the standard

material combination.

12
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Figure V-1.

Typical Retainer Insert Wear (Ag-M,Sp After FE 41337
10 Hours at Equivalent DN Value of 4 x 106 mm-rpm)
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INSERT WEAR
£ BREAKAGE

Figure V-2. Typical Retainer Insert Wear (Ag-CaF, FE 41333
After 3.5 Hours at Equivalent DN of 2 x 106
mm-rpm)
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INSERT WEAR

Figure V-4, Typical Retainer Insert Wear (BN After FE 41335
5.5 Hours at Equivalent DN Value of
2 x 10° mm-rpm)
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Typical Retainer Insert Wear (SP-3 After FE 41334
10 Hours at Equivalent DN Value of 2 x 100
mm-rpm)
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Figure V-7.

Al-MoS, Insert After 10 Hours Operation
at DN = 2 x 100 mm-rpm
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SECTION VI
CONCLUSTONS

The results of this program have shown that for rolling element
bearings operating in liquid hydrogen at DN values up to 4 x 106 mm-rpm
under Hertz stress levels up to 250,000 psi and spin/roll ratios up
to .30, the most efficient material combinations explored in this in-
vestigation can be listed as follows in order of decreasing level

of overall performance.

Rank Retainer Material Ball Material Race Material
1 Salox M ATISI 440C AISTI 440C

2 Rulon A AIST 440C ATIST 440C + MLF-5 coating

3 Rulon A AISI 440C AIST 440C

of 10 hours and extremely low retainer wear rates while operating
under all test conditions. The third combination, which was used as
the standard in this experimental program, demonstrated a life in ex-
cess of 10 hours at a DN value of 2 x 106 mm-rpm and approximately
five hours at DN value of 4 x 106 mm-rpm. The wear rate in both
cases was low.

Since all of the above material combinations utilize retainers made
of a composite containing polytetrafluroethylene, none can be con-
sidered satisfactory for applications where nuclear environments exceed
10° ergs per gram (c). This is generally accepted as the critical dosage

beyond which the organic compound loses its strength.

Vi-1
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All candidate material combinations that are compatible with hotter

nuclear environmental failed to meet the performance requirements
established by the standard materials. However, two of these com-
binations (one using SP-3 retainer inserts and the other using Ag-M082
retainer inserts) did show sufficient promise to warrant further in-
vestigation.

For instance, the material combination using SP-3 retainers de-
monstrated excellent life at a DN value of 2 x 106 mm-rpm and ap-
proximately five hours at a DN value of 4 x 106 mm-rpm. But the wear
in all instances was high, especially in the higher speed tests. The
high wear is thought to be a result of the relatively low thermal con-
ductivity of the polyimide matrix. The retainer material could not
rid itself of the heat generated by the rotating ball and high wear
resulted. It would appear that addition of materials such as silver
or copper in the SP-3 composite might eliminate or at least alleviate
this problem., The critical nuclear radiation dosage of this material is
reported to be 7 x 107 ergs per gram (c).

Another material combination using Ag-M082 retainer and AISI 440C
balls and races demonstrated lives in excess of 10 hours at both DN
levels of 2 x 106 and 4 x 106 mm-rpm. But the retainer wear was very
high. This combination would have no trouble in nuclear environments up
to lO15 ergs per gram (c) and for this reason any effort to solve the high wear
problem would seem worthwhile. It does not have the thermal con-
ductivity difficulties of the SP-3 candidates, and the high wear is

thought to be a result of its low hardness and moderate modulus of

elasticity. Various materials could be used to improve these properties

and consequently its wear resistance without greatly harming its excellent

lubricating characteristics.
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As a third conclusion, it can be stated that under the levels of
combined rolling and slip used in this program, boran nitride and
calcium fluoride cannot be considered as lubricants in a liquid hy-
drogen environment. Various degrees of ball wear occurred in each of

the tests conducted with candidates using retainers containing these

materials.
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